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STUDIES OF RADIOWAVE PROPAGATION IN T_:E SOLAR SYSTEM _.M. A. Kolosov and O. I. Yakovlev -
i

Introduction
t

?

;2 : The first studies of radiowave propagation in the solar sys- /291*

tem were carried out, in connection with the requirements of -_

_ radio astronomy and planetary radar. The launches of spacecraft

to the planets and the moon stimulated more thorough study of

'- radiowave propagation in the solar system. It became necessary

to determine the effect of theenvlronments found on frequency,_.

i: phase, group time lag, polarization, amplitude arid energy spectra

_ of radiowaves in various situations, when the transmitter was ;

: located aboard a space vehicle and the receiver on earth. In the

solar system, radlowaves can propagate through the atmospheres

of planets and through the interplanetary and near-solar plasma;

they also can be reflected by the surfaces of the planets or the :

_ moon. The basic cases of radlowave propagation in the solar

system are shown in Fig i. The letters a, b and c designate

various cases of the interaction of radlowaves with the environ-

'_ ments specified. The dashed curves in Fig. i show the trajec-

tories of space vehicles, the arrows mark radiowave beams, and
i"

the locations of the vehicles are indicated by the letter T.

_. In the movement of a space vehicle near the planets or the

_: moon, reflection of the radiowaves emitted by these vehicles

_ from the surface of the celestial body takes place (case a).

Since the radiowave source is moving, the Doppler frequency

shifts for the direct and reflected waves turn out to be

different. On earth, this permits the signals corresponding to

the reflected and direct waves to be distinguished and the

* Numbers in the margin indicate pagination in the foreign text.
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regularities of reflection of / i

a _./ the radiowaves in this situation 7

• k

; to be studied. In connection /
5 . -4

/ _.........-...._,, \ with this, the necessity arose " i_"-_ for the conduct of analysis of• K_" '-_

" radiowave scattering by a rough _

i b" sphere, with random locations of _- T

the source and receiver, Experl- •'>

: _ _ mental studies of the reflection
of radiowaves emitted from

" _'A satellites permits determinationI
:.... _: " _._ " of the distribution of the

_ dielectric constant, rock density __ c S_ ,- _
and relief irregularities over

: // the surfaces of the planets or Z

-._<' _///// _.// _ themoon. Inprlnciple, ltis "_f

-_ Mars possible to obtain an image of

._ E_th the surface of a planet by this
_, method. - _

:}t, Fig. I. Basic cases of radio- --
wave propagation in the solar If a spacecraft is located
system.

on the surface of a planet or

moves behind the planet, the i_°

radiowaves are propagatedthrough the atmosphere of the planet ._
,!,

(case b). The regularities of radiowave propagation in the /29____22 ._
atmospheres of planets depends strongly on the pressure, as a

consequence of which the dense atmosphere of Venus has a strong ..4

effect and the rarefied atmosphere of Mars has little effect on

radiowave propagation. In analysis of radiowave propagation in :_

the atmospheres of planets, 2 cases of location of the space

_ , planet or moves in the zone of the penumbra behind the planet, -, ,_

_, With the vehicle located, on the surface of-the planet, fad w ves, _i

; I REPRODU '_
. -om m .::.i
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( propagating through its atmc:;phere, can undergo absorption,

refraction and fading. If the spacecraft Is moving in the

_: penumbra zone and goes behind the planet, radio occultation
of the atmosphere occurs. In this case, changes in the radiowave

amplitude and frequency are observed. Variations in these

_ quantities recorded on earth give information on the atmosphere
' and ionosphere of the planet. Radio occultation permits

_ determination of the dependence of pressure, temperature and
3

electron concentration on altitude.

In movement of a space vehicle in a planetary orbit, the

radiowaves propagate in the interplanetary or near-solar plasma

_ for distances of several hundreds of millions of kilometers (case

_ c). In this case, the presence of the plasma results in the

_ appearance of phase and amplitude fluctuations, change in the

energy spectrum and appreciable time lag of the radiowaves. These

_ phenomena are manifested very slightly in interplanetary space

_ but, in the near-solar plasma under specific conditions, they

can be expressed very str_ly. Study of the variation of these

_i: radiowave parameters enabieq the interplanetary and near-solar

_,, plasma and the conditions of radio communications with inter-

planetary vehicles to be studied.

_." The purpose of the work is to survey studies of radiowave

propagation in the solar system, performed in 1963-1973, by means

,_ of Soviet spacecraft. The results of analogous studies performed

_: in the USA are presented in very compressed form, although the

_ bibliography presented is rather complete.

_; I. Radio Occultation of the Atmosphere of Mars

i,:, The rarefied atmospl_ere of Mars has a slight effect on radlo-/2__./

_ wave propagation. This effect is manifested noticeably, only in

1976021365-005
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_ radio occultation of the atmosphere, in the case of move-
,/

. ment of the space vehicle behind tl_eplanet. Repeated radio

occultation of the atmosphere of Mars was carried out in

1971, by means of the satellite Mars-2 [I, 2]. During movement

of the vehicle around the planet, sequential occultations

of the ionosphere and troposphere of Mars by decimeter radiowaves

(k = 32 cm) was carried out. In this case, the ground-based deep

_ space communications station received the signals and measured

the radiowave parameters. Analysis of the changes of frequency,

phase and amplitude of the signals, which occurred in response

to the atmosphere of the planet, permitted the regularities of

radiowave propagation to be studied and new information on the
)

troposphere and ionosphere of Mars to be obtained.

In radio _ occultation of the atmosphere of Mars, change

_ in frequency f occurs, both as a consequence of motion of the

space vehicle and because of the effect of the atmosphere of the

planet. The total frequency change in radio occultation

of a spherically symmetrical medium Af can be described by an '

expression of the type

_, where c is the velocity of radiowaves in vacuum; _ is the angle

. o£ refraction in the atmosphere of the planet [3, 4]. The first

_ term of this expression, which depends on projection of the

space vehicle velocity vector in the direction of earth Vl,

_ describes the normal Doppler frequency shift. The second term,

which is proportional to the projection of the velocity vector
l

perpendicular to the direction to earth v2, is connected with the

parameters of the atmosphere of Mars through angle o£ refraction

" _. Therefore, the component change in frequency Af can give

_- information on the atmosphere of the planet studied.

1976021365-006
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In movement of Mars-2 behind the planet, radio occul-

tatlon of its ionosphere is carried out f_st. A typical frequency

'_ _i change AF i in occultation of the ionosphere of Mars Is
•_ shown in Fig. 2. The value of AF i initially increases approxl-

_ mately exponentially during occultation of the upper part

_ of the ionosphere of the planet, in this case. A sharp decrease

in the value of AF i and a change in its sign then occurs, and two

characteristic minima then are observed. This frequency change

corresponds to occultation of the principal maximum and the

._ lower part of the ionosphere of Mars. With further decrease in

L_ altitude of the beam above the surface of the planet, occul-

_ _ tation of the troposphere of Mars takes place. A typical curve

of change in frequency vs. time for the tropospheric section is

_ presented in Fig. 3.

_ ' Since the in frequency
change

_ ...S_ _ AF is proportional to the angle

z.,[ "_'" _ i of refraction of the radiowave _,
_ . ! ._'-

__"_ " _,,'1-__"_'_ the value of AF contains Informa-
-_2 _ _.._ tlon on the angle of refraction

of radlowaves in the atmosphere

_2 cr _2 t, _n of Mars. Experimental curves of /29____4

Fig. 2. Change in frequency the angle of refraction of radio-during radio occultation of
ionosphere of Mars. waves vs. beam altitude in the

ionosphere and troposphere of

Mars are presented in Figs. 4 and

5. The numbers near the curves in Figs. 4 and 5 correspond to _-_-_,T'

the numbers of the experiments in radio occultation of the __'.._,

atmosphere of the planet. The positive values of angles _t i in /*!:_
these figures correspond to deflection of the radiowave beam to _i_

the outside, with respect to the planet, and negative values "_

indicate deflection of the beam toward the planet. The angle of .. /

refraction in •the troposphere _t depends on the pressure. Because _.......

1976021365-007
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_ Hz of the effect of the relief, the
O _ __-----'-__- _'_--__ : : zero altitudes did not coincide

nenx.enDuring movement of the

_ -, _ i vehicle behind the planet, a

v _E --_ i diffraction change in field
t intensity is observed. An example

i-_- -;3 ' I _ : , -k J of radiowave diffraction on Mars
[ /0 Z; 3_ - _.0 ;.3 t. ,ec• : is presented _in Fig. 6. A

i!i theoretical analysis of radiowave
Fig. 3. Change in frequency

_: during radio occultation of diffraction on a planet having
._ troposhpere of Mars_ a highly rarefied atmosphere

:

¢,.,oIr.d

i 1
_' _ : : • , //,i i ii '

_:- ,._ . _ .-- --,,-Z/---/ ......
'_" [ i" ' _/ i • l!
.f> ),, I . _ ."'- jr" _" _, • •

_.', - __ _ _,I ! ill
"<, ..,'- __, =_....=...:'=u-. --=. =--"" ; |:l
_.7- _ ...........L ) i _ ........ "7 -" % ,.- 4 ----

_ I'l,, :_,, .... . , ,.,., , ! ,', , :

" Fig. _. Angle of refraction of radiowaves in ionosphere of Mars
vs. altitude above surface of planet. Numbers on curves, experi-
ment number.
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was given in works [5, 6]; it
_ "_ rad

was shown here that a small

-2q - refraction attenuation of the - ,

_ radiowaves is superimposed i

_ -_ - _ additionally on the diffraction

-_ - E_ change in field strength, and

"_ -_- °_'i_ that the diffractiOn curve Is

o_ shifted by a small angle of
_ -g _

refraction _. The refraction

°_ - attenuation depends on the dis-

_ , tance between the spacecraft and

# J _ o_ ,_ ,D J_ _ the edge of the disc of the

planet; in the experiments
_ Fig. 5. Angle of refraction
_" of radlowaves in troposphere described, this attenuation was

of Mars vs. altitude of beam negligibly small The time off •

, • above surface of planet.
Numbers on curves, experi- contact of the beam on the

,_ ment number, surface of the planet is found

6/[a, tel. units

2,

. , _ V \ !

r

Fig. 6. Diffraction change in field inte_ity _uring movement of
% Mars-2 behind planet.

from the diffraction curves of the change in field intensity.

_ This time is defined as the moment of decrease of the field Inten-

sity by half; this moment is indicated by the arrow in Figs• 3 /296

_ and 6. Knowledge of velocity component v 2 and this moment of i _

_ time permlt_ the altitute of the beam above the surface of the _ _< ?

i
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planet H to be found and, consequenctly, the measurements of the

angles of refraction and parameters of the atmosphere to be tied

in to specific altitudes. --"'_.

The experimental functions _ (H) found permitted new

information to be obtained on the daytime atmosphere in the

equatorial regions of Mars. The angle of refraction is connected

by the known relationship n(h) = 1 + N(h), to the dependence 2

of the coefficient of refraction of the radiowaves on altitude.

By application of an Abel transform to the refraction integral,

the corrected coefficient of refraction N(h) can be found [7]. #

In the case of a slightly refracting, spherically symmetrical ;_

medium, this relation has the form _.

J ' (2)

where H is the minimum altitude of the beam above the surface of

the planet; h is the altitude of an arbitrary point in the •

atmosphere of Mars; a is the radius of the planet. Relationship

(2) allows determination of the density of atoms in the

troposphere and the electron concentration in the ionosphere of 9

Mars, since the corrected coefficient of refraction of radiowaves

is proportional to these values. It is significant that the

radio c:ccultation method also permits determination of the

temperature and pressure in the troposphere of the planet, i

The experiments showed that the concentration of atoms at the

surface of the planet in various regions was 1._-_._.10 l_ cm"3,
S

and the corresponding pressures were 5-10 mb. Pressure vs.

altitude curves, found from the data of several experiments, are _

presented in Fig. 7. Since the surface pressure depends on the

relief of the planet, function P(h) is displaced to the point _

whe1"e the pressure equals 5 mb, and a provisional zero altitude

8
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maximum' the electron concentration, with a value Ne=l.7-105
J

cm-3 _as r, _rded at an altitude of about 140 km With further _ _

decr_ase in altitude, the electron concentration begins to l ...._

decrease, but a second maximum is found at an altitude of ii0 km, . "

5.104 cm -3 '_with an electron concentration of 7. . At altitudes of /297 ,

less than 95 km, the electron concentration decreases, but a ;

third ionospheric maximum is observed approximately at an altitude

of 70 km, with an electron concentration on the order of 104 cm -3.
Compared with the terrestrial ionosphere, the Martian ionosphere -,

is less extended and more held down to the surface of the planet.

-!

Radio occultation of the atmosphere of Mars also has

been carried out in the USA, by means of the Mariner spacecraft .

[8-11]. The data obtained by means of these vehicles on the _

troposphere and ionosphere of the planet correspond well to the /298 _ _

results of the Soviet studies. It is significant that the

wavelengths and trajectories of the vehicles were different. This 1
indicates the reliability of the radio occultation method

for study of the atmospheres of planets. At present, there are _

detailed experimental data on the effect of the troposphere and

_onosphere of Mars on the radiowave parameters, during passage _

" of the spacecraft behind the planet. _

2. Studies of Radiowave Propagation in the Atmosphere of V?nus ' o_

In studies of Venus by means of Soviet de,cent vehicles,

study of radiowave propagation in the dense atmos0here of this

planet _as carried out. Venera-4 was the first to reach the

planet, and it emitted radio _ignals through the atmosphere of )
Venus. This fact gave an impetus to study of radiowave propagatio_ _"

in the case of location of the space vehicle in the atmosphere or

on the surface of Venus Preliminary results of analysis of this _

task were presented in works [12-14]. Subsequent studies, carried

['J

] 97602 ] 365-0 ] 2



f

[
_vi-- J n Ill a

=

out by mean_ of the Venera-5, 6, ? and 8 vehicles, gave specific

information on the atmosphere of the planet and permitted the i i

basic regularities of radiowave propagation in the atmosphere of _

Venus to be found [15-18] 7" -_" _ i

4

Radiowave attenuation in the atmosphere of Venus can be caused

both by absorption and by refraction effects. Radlowa_e abso_-p-

: _ tion in carbon dioxide, with admixture of other components, has

been studied under laboratory conditions [19]. However, this

study was carried out, by means of determination of the small

change in Q factor of a resonator filled with gas. Transfer of

these results to the dense and extensive atmosphere of Venus may

_ result in inaccuracies which do not yield to evaluation. In

connection with this, the accomplis_hment of direct tests of

radiowave propagation in the atmosphere of this planet is

important.

Study of radiowave propagation in the atmosphere of Venus,

by means of the Venera-7 and 8 descent vehicles was carried out

i in the following manner. After entry of the vehicles into the

atmosphere of Venus, opening of the parachutes and turning on of

_ the transmitters, over a per!_.,ioff 13-16 mln radio signals were

: received from the uppe _ part of the atmosphere, where th_ pressure

was less than 20 arm. It was known beforehand that this part of

,_ the atmosphere should not affect a _enuatlon off decimeter radio-

waves. A relatively fast descent of the vehicles to the surface

of the planet then took place. The descent in the h=20-O

altitude section, where the pressure changed from 25 arm to 90

arm, took 17 and 33 min, respectively, for Venera-7 and Venera-8.

In this time, the transmitter power was practically constant.

It is significant that, after the descent, the vehicles emitted

radlowaves from the surface of the planet for a long time. During

measurements of the signals of Ve_era-7, the radicwaves propagated

1976021365-013
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along the vertical in the atmosnhere of the planet but, in the _
case of Venera-8, the zenith angle of the radio beam on Venus was

< 40°. Measurements of the energy flux of the radlowaves, with

_, the vehicles located at various altitudes above the surface of

• Venus, are presented in Fig. 9. It follows from Fig. 9 that, in i
; propagation of radiowaves of the _-32 cm range through the entire

atmosphere of Venus, with a zenith angle of beam on Venus of less
7:

than 400 attenuation of the radlowaves is not observedr , •

-,-o, rel. units

-. #.8 _ i ,, ,.r

•_ : ; :.I _ , .

*,.i_: I 1 I

• t I _-'- -": !1 .%_ , .',; " • I
, , * ",, _, _"_. I% " n% ; ;

, .% /.J :# _0 h,,_.,-
e•

Fig. 9. Constancy of average energy flux of radiowaves during
descent of Venera-7 (a) and Venera-8 (b) to surface of planet.

In the centimeter wave range or at larger zenith angles of ._

the beam, the atmosphere of Venus should attenuate radlowaves. " :_

_ The decrease in radiowave energy S in the atmosphere of this '*,_

. planet, in the general case, is caused by absorptlon and refraction .:_
-_ attenuation of radiowaves. It is expressed by an approximate :_.

- formula of the type

( 'i:: S =S o I -r _ ,; eX-|'(--tk'asin'*_), (3)
%.

-, 12 R._RODUC_BIL_Y OF TB5
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where £ is the angle of refraction; 8 is the angle of site of the

beam; T is a parameter. The first factor in (3) describes

refraction attenuation of radiowaves, caused by expansion of the
°

beam tube. It depends on the derivative of the angle of refrac-

tion over the angle of site or the beam d_/d8. The second factor

: takes abscrption of radiowaves into account; it depends on wave-

" length I and parameter T=I2 cm -2. The results of calculations of

the dependence of total attenuation of the radiowave energy flux

_ on wavelength, for three angles of site, are presented in Fig. I0.u

_ _ Curves l, 2 and 3 are given for a_gles of site of the beam of 90° ,

30 ° and 12° , respectively, in the case of location of the trans-T

mitrer on the surface of Venus. Radlowave absorption in the /300

atmosphere of this planet has been studied by radar ranging [20,

21]. The results of calculations of the radiowave attenuation

_ presented in Fig. l0 correspond to direct experiments, carried

out by means of descent vehicles, information on the gas composi-

tion and pressure in the atmosphere of Venus and radar data.

5/$c,rel. units
q , . ' • ! ['_

I !..........;...........:--_---_ Irregularities in the

_ .--_-_ ._...._..=__._.---_. coefficient of refraction of
_e --- .- _<-."-..................... the atmosphere of Venus are

I //'2 ,i;:i

.!-"!"? ............3.---'_"_.'z*_ due to the appearance of

_61 _/ ...._-'j--TJ_ i i _ mild fading of the radio-
. [/'/ ..../2 _" i 'i ] _ i waves An experimental_.L , ..... _ _ .... •

" _ / ./ ' , • ; I curve of the<extent of rapid

, fluctuations of field intensity

j ? H _ I_ _A,e_ of the _=32 cm radlowave

range vs. altitude of the
Fig. 10. Radiowave energy
attenuation in atmosphere of vehicle above the surface of
Venus vs. wavelength. I. 90°; _" the planet, with vertical

2. 30°; 3. 12°. propagation of the radiowaves,

is shown in Fig. ii. Data

obtained by means of Venera-5 and Venera-6 (1), the results of

13
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" processing of the slgnals :
)

_%[ of Venera-7 (2) and radlowave ,_
L • . -,

_ _ fluctuations according to - _

/ N _f the data of Venera-8 (3), , ::
_: L k •

p _ ,j : are presented in Fig. II. ?
•_ These fluctuations have a

o 1jt _ o _ • characteristic period of

• o ! about 3 sec. Slow variations

• [ c _ _ in field intensity also were ':
o \ i _

I ' . . o • observed during radio communi- ;

_ ' Z_ ¢_ _,^_ cations with the descent

_ vehicles. These variations

Fig. ii. Degree of fluctuation could have been due to both
_i of decimeter radlowave field

intensity vs. altitude of swinging of the descent
vehicle above surface of Venus. vehicle and the effect of ,

_ i. Venera-5 and Venera-6 data; large scsle irregularities
' 2. Venera-7; 3. Venera-8 data.

, of the atmosphere of the

planet. Inconnection with ._

this, the only recording of the Venera-8 signals received after

,_ its landing on the surface of the planet were used to estimate
_ the slow variations Analysis showed that, after landing, slow• _.

variations in field intensity, to the extent of about i0%, were i_

observed. ,_

The irregularities in the coefficient of refraction of the

atmosphere of Venus can be due to both large scale meteorlogical /301

formations and turbulence of its atmosphere. If it is assumed

that the rapid fluctuations of the radiowaves were caused by

atmospheric turbulence, the extent of fluctuation of the field i_

intensity is determined by an approximate expression of the type
%

1976021365-016
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|
'_; _ This formula results from the known theory of fluctuations in a ,

_ i turbulent atmosphere and the experimental data described [17, 18]. _'_

' It holds true for an angle of site of the beam _ greater than ._

i0 °. A more detailed analysis of the radiowave fluctuations in " .i_

! the atmosphere of Venus was carried out in [15-18, 22]. ;

-. Refraction of radiowaves in the atmosphere of Venus was )

expressed very strongly. The corrected coefficient of refraction _

of radiowaves in the atmosphere of Venus depends on altitude in

the following manner: /

N Ch) exp hh -c), (5)

¢, here, a, b and c are numerical parameters [52]. The angle of _.).
refraction in the case being considered is determined by a

: certain integral, in which the specified function N(h) should :,%

be incorporated. At a beam angle of site 8=20 ° , the angle of ,

refraction turns out to be 2.6 ° . If the angle of site 8 _

approximates 9° the beam line is deflected so much that it does

not go beyond the atmosphere of Venus. In connection with this, :_

i.. radiowave attenuation and fluctuations cannot be predicted

sufficiently reliably for small beam angles of site.

During movement of a space vehicle near Venus, it is possible _

to carry out radio occultation of its atmosphere. Since t

Venus has a dense atmosphere, in radio occultation, a

strong change in radiowave amplitude and frequency should be )

observed. In 1967, in the USA, a single radio occultation :_

of the atmosphere of Venus was carried out, by means of Mariner-5
so,

[23, 24]. The authors of these works used the recorded changes ,-:_

of radiowave amplitude and frequency to obtain dependences of

the electron concentration in the ionosphere, and pressure and

temperature in the troposphere of the planet on altitude. It is ,)

%

15 ,¢
!
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i
significant that, in radio transillumination of the atmosphere

of Venus, the beam does not penetrate deeper than the critical | •

refraction level, which is located at an altitude of 34 km. in I " '_

works [4, 25, 26], additional possibilities of study of the _ o

atmosphere of Venus by radio transillumination are considered.

It is highly effective for study of the upper part of the

at,nosphere and ionosphere of Venus.

i 3. Study of Reflection of Radiowaves Emitted by Satellites from

the Surface of the Moon and Planets

, If a source of radiowaves moves near the planets or the moon,

L the radlowaves are reflected by the surfaces of these celestial

I bodies. This permits study of the reflection of radiowaves byvarious sections of the surface of the planet or moon. It is /302
important that the region essential for reflection of radlowaves

in the direction of the earth be small, in this case; during

movement of the satellite of a planet or the moon, it "traverses"

the surface of the celestial body. This permit_ the reflective

properties of various sections of the celestial body to be

studied. The value of the coefficient of reflection and the

shape of the energy spectrum of scattered radiowaves give

information on the dielectric constant, rock density and degree

of roughness of the relief of the section of the surface studied.

This problem was studied in detail in the USSR, "_ works [27-34].

Similar studies in the USA are described in [_-39].

The problem under consideration and its theoretical formula-

tion are reduced to analysis of the scattering of waves by a

rough sphere, with arbitrary locat_', of the moving radlowave

source. Known regularities of raalowave scattering by an area

of limited roughness, but flat on the average, are used in solution

of this problem. If the surface of the pAanet or moon is

represented in the form of a set of Juch areas, tangent to the

1976021365-018



spherical surface, the density of the energy flux of scattered

radiowaves can be determined by integration of the energy fluxes _

from each elementary area. The power coefficient of reflection .._

of the radlowaves q2 in this problem equals the ratio of the ---4!

density of the scattered radiowave energy flux S to the density i :_

of the energy flux SO, which would be observed on the earth, if

the planet were replaced by an ideally conducting plane, tangent

to the sphere at the point of mirror reflection of the radiowaves. _

Introduction of such a definition is due to the fact that the
d

value of n turns out to be equal to the ratio of the field inten-
slties of the scattered and direct waves, with a nondirectional _

satellite antenna. It was shown in work [28] that the power

coefficient of reflection, for the case of emission of radiowaves _

from the satellite and their reception on earth, can be represented
i-

by an approximate expression of the type

' (6)

where M is the Fresnel coefficient of reflection; a Is the radius

of the planet or moon; R is the distance from the satellite to

the provisional point of mirror reflection o£ the radlowaves. The _

value of s is determined by the following relationship: ,_

where _ is t_e mean slope of the surface irregularity; qx,y,z are ,_
the projections of the scattering vector. The integration in (T) '_

is carried out over the portion of the surface of the planet,

which is simultaneously visible from the satellite and from the

earth. Expression (6) has a simple physical meaning. Quantity _

(4vR2) -1 characterizes the decrease tn density of the radiowave

energy flux incident on the scattering surface with increase in /30......._

distance, ft. Factor s shows how much the scattering surface is

smaller than the cross section area of the planet; this factor

17
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takes account of the sphericity and roughness of the scattering
surface. The effect of the dielectric constant in (6) is

reflected by Fresnel coefficient M. As an example, the results ,-,
_ of calculation of the intensity coefficient of reflection vs. th_ i

grazing angle of the radiowaves for a satellite of the moon is

presented in Fig. 12. Curve 1 corresponds to a satellite altitude

of I00 km, and curve 2 is given for an altitude of 800 km. It

was assumed in the calculations that E=3 and y=0.15. A comparison

of these data with the case of reflection of radiowaves by a

I smooth sphere shows that, at grazing angles ¢>50°, the coefficient
of reflection of a rough and a smooth sphere practically

coincide. At angles 50<_<30o, a rough sphere has a somewhat

i coefficient of reflection than smooth of the
larger a sphere same

dielectric constant of the material.

_- _6!--'2_ Q ..... ! Experimental studies of the
t /

_'-f.......i,_ " . coefficients of reflection of

_4!/ ..... _'-_ ...... i radiowaves were carried out, by

_ ....... _ ........ _ means of the satellites Luna-ll,
_I .... guna-12 and Luna-14, in the

_....................... 1 meter wave range [28, 29, 33].

| J The intensity scattering coeffi-

ree_ cient n vs. radiowave grazing angle
Fig. 12. Intensity coefficient
of reflection vs. radiowave _, for a satellite altitude of

grazing angle _ for satellite 250 km, obtained by means of the
of the moon. I. i00 km; 2.
800 km. satellite Luna-14, in the k=l.7

m range, is presented in Fig. 13.

The theoretical curve (dashed) corresponds to a dielectric constant

¢=2.8 and _ mean slope of surface irregularity 7=0.15. Since

parameter Y has little effect on the coefficient of reflection,

the dielectric constant is easily determined from the values of

the coefficient of reflection measured in this manner. By means

of the satellite Explorer-B5, the coefficient of reflection with _30__4

REPRODUCIBILITYOF Ttl_;
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4 .

_50r* vertical radlowave polarization
| c i was successfully measured and the

}

; -- o D |

no i Brewster angle was determined [36].f_ b_

_0_ _ o c. _c _ l According to the data of this work,

c _ the grazing angle, at which the

! I o _ Brewster minimum of the coeffi-

cient of reflection was recorded,

| is 30 ° , which corresponds to E=3.

70 _0 30 _0 Radiowaves scattered by
_ degrees

various sections of a planet or
Fig. 13. Experimental values

: of coefficient of reflection the moon have various Doppler

of meter waves from the lunar frequency shifts This results
surface, from data of Luna-14
satellite• in formation of a diffuse energy

"- Af, 0 _ ZO _ _ees_. deq- spectrum of the scattered radio-
kHz ... -_

I f;_: _ waves• The energy spectra of

I ..... i scattered radiowaves, in the case

J - /'/ " _ "" " L of their emission from a satellite
.. •fl

_ _ ,.I::....."'_: : • of the moon and reception on the
_ ! -I': • _,•_" "_ ,

I J• ".... _I --" ,' earth, were analyzed in works

_7 i ./ • .. _..'. -'•. ' [29, 30 32-34]. The analysis
! _4 - ." ."'_:- "" ".". t
I _ . .-:/ . " •. _ .

; 1 #•." ""_':"'•: ";'3,Y'_ " i showed that the width of the| / v'-"_'_"._: _ •
o • .. . i -o •, I._ z....,'_-i energy spectrum depends stronglyt # ."_..._..c_***,_ I

$ _ L l.." _ ._._._j.r I
_ "_| _ _._.:i/ on the grazing angle of the radio-

-_' waves and the degree of roughness

_ _ _ _ i_,_ of the scattering surface. This

Fig. 14. Spectral width of conclusion of the theory was
scattered radiowaves at

confirmed experimentally. It,. various grazing angles _,
from satellite Luna-19 data. turned out that the width and

shape off, Be energy spectrum are

sensltlve to the nature of the

relief of a small section of the surface, corresponding to the

radiowave mirror reflection point. The dependence of spectral

19
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; _
width on grazing angle is manifested only after averaging much

! experimental material. Spectral widths by half-power level vs.

radiowave grazing angle, for k=32 cm, is presented In Fig. 14. "_

A comparison of the experimental and theoretical spectra permits i _

determination of the provisional mean slope of the surface rough-

ness y. The studies showed that the roughness of the Sea of _
4

Serenlty Is characterized by y=2 ° and, for the very rough sections

_ including Schickard, Humboldt and Vendelinus craters, y_6-9 ° was

obtained.

The problem of the scattering of radiowaves emitted by

satellites by the surfaces of planets or the moon has now been _

• studied in sufficient detail. The theory developed In the

approximation of Kirchoff corresponds well with the experimental _

data. The radio reflection method has proved to be effective for

study of the distribution of dielectric constants, density and

characteristic relief forms over the surface of a celestial body. _

This method, in principle, permits construction of a visible

image of the surface of a planet with high resolution, according i

to the radio holography principle [52]. In order to obtain a :_

_ visible image of the surface relief by means of reflected radio-

waves, an unequivocal correspondence between the coordinate of an

araitrary point on the surface of the planet and the "radio /30____55

brightness" of a small area including this point must be found. /
This task is reduced to a search for the principle of processing

reflected radiowaves received on the earth, which permits a

connection of the coordinates of the point and the "radio bright- _i

ness" of the corresponding section of the surface to be found. _

This is similar to the methods used in slde-vlewlng radar. _

,i
4. Monochromatic Radiowave Propagation in Near-Solar Space /_,

In movement of a spacecraft in the solar system, radlowaves _>
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propagate in a rarefied, heterogeneous, rapidly mo\,il.g plasma.

In this case, phase and amplitude fluctuations, a change in the

energy spectrum and a time lag of the radiowaves are manifested.

Since the electron concentration decreases with incre_se in
_O

distance r from the sun, approximately according to NeZr , it
• has a stronger effect near the sun. The results of study of

• propagation of monochromatic radiowaves in the interplanetary

and near-solar plasma have been presented in works [40-48]. i :

A theoretical analysis of the pha_e and amplitude fluctua- ; _

tions and the changes in the radiowave energy s_ectrum was carried _

out in works [43, 45]. In these articles, the known theory of

_= fluctuation of waves in a statist,call-, hetero_:eneouz medium was

_ used, with a Gauss,an autocorrelation function of f]uctuatlons _' "

of electron concentration. In this case, it is taken into account

, that the heterogeneity of the electron concentration decreases

-2 _with increase in distance from the sun, according to AN :r .
e

The analysis showed that the root mean square of =he phase

fluctuations is determined by an expression of the type

; b : :

2 -t-,t_\_#__ z_'',4:L

I. 4

o i '
7 "

Here, I is the scale of heterogeneity of the electron concentra- _

tlon, expressed in km; f is the frequency in MHz; parameter _= _

0.3"1026 cm-I A=2.10 -44 cm.sec-2; b-L/a is the ratio of the !

path length to the astronomical unit; q=2aX/_, a=l.5.10 8 km. I _'

The root mean square fluctuation of field intensity is expressed _ i
! 7

_i by the relationship . ';.'-

'" [ ]i "

'Wt.. i .<_4,¢
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The he_erogeneities of the electron concentration in expressions /306 _

(8) and (9) are described by parameters < and _, and the radlo

communications path is fixed by its length L=ba and angle _ Angle _ ._
F

characterizes the location of the beam relative to the sun;

this is the angle between the direction to the center of the sun }
"r

and to the spacecraft, with the apex on the earth (Fig. ic). ! .

<_ _5'_ degrees ;
I \ The calculated radiowave _ )

_ , : ' : phase and amplitude fluctuations ;
?i'-.....\ :;..... ; _t vs. angle u, for a path 300 _ _,

7 t I million km long and frequency f= _
• . s }

i : ' \. ; I i000 MHz, are presented in Figs. _ .
_5 i •-....2__*_, 15 and 16. The radiowave _

!' k !t •< : _ fluctuations depend slightly on i

_2i ' ' -X .'--_-i path length L. Therefore, these

i ' ' i i _ million km. The chase fluctuatlons ,: ' in the problem under consideration , :

_C_ $ _ _ _' J2 _ are inversely proportional to
; _ degrees '

frequency, and the amplit.de

Fig. 15. Phase fluctuatiens fluctuations for f>500 MHz are

vs. angle _. inversely proportional to the P

square of the frequency. Experi-

mental studies of radiowave amplitude fluctuations were carried

out by radio astronomy methods [50]. These studies correspond to

the case cf location of the radiowave source at infinity. Recal-

culatlon cf the radio astronomy data was carried out _n work [45], *:

for the case of radio commun!c_tions with interplanetary station_, _
and good correspondence of the theory of amplitude fluctuations { •

and the experimental data was demonstrated. Motion of the

heterogeneities of the near-solar plasma should result In spreading I

of the radiowave energy soectrum. The theory of this phenomenon _ "

i ;was presented in [_I-_3, _5], and the corresponding experimental
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[46, 47]. The spreading of the

7 _\---; J j _ radiowave spectrum was due "

t ._ ] I |
C._F---\: ' ---- basically to phase fluctuations. ., '

_.:....__.: I _<i0o. CfI . t

!N '!!; i
- I , Detailed studies of radio-

_ : _ : wave propagation through the

i , near-solar olasma were carried

_ .... out, by means of the spacecraft
Z 2 5 _ _ Mars-2. Angle _ was changed /307

degrees _
from 30° to 2° in this experiment,

and the path length was about

Flg. 16. Fluctuations of log _00 million kr.. Increasing
field intensity vs. angle v.

variations in frequency, phase

and amplitude and spreading of

the radiowave spectrum were recorded with decrease In an_le v.

The energy spectra of the radiowaves emitted by the spacecraft /308

Mars-2 are presented in Fig. 17, for various angles v. It was _

shown in works [44, 45] that, with large phase fluctuations, the

width of the radiowave energy spectrum by half-power level is i

proportional to the velocity of the near-solar plasma V and

inversely proportional to the scale of heterogeneity £:

Here, <A¢2; I/2 is the mean phase fluctuation, determined by

expression (8). Expression (i0) holds true at _<i0 °,

The near-solar plasma causes a noticeable tlme lag in radio- /309

waves. Measurement of the radlowave _Ime lag at 2 frequencies ,

! _ permits the distribution of electron concentration near the sun !
, ,,_ 23
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to be 3tudied [51]. There also Is great interest in investiga-

tion of the radiowave time lag caused by the gravitational field

of the sun. This phenomenon was investigated In work [49]. _

The Inagnetic field of the sun should cause a rotat:ion of

the plane of polarization of radiowaves. This ef°ect was studied

• in work [48], where the distribution oi electron concentration j

In the near-solar plasma was successfully measured, with the use _
of the Faraday effect.

]

5- Radio Astronom_ wlth Artificial Sources

At the present time, the basic regularities of radlowave _

propagation in the solar system have been rather well studied, i

The results of these studies, described In the survey, have

enabled new methods of study of the surfaces a_d atmospheres of

the planets and the moon and of the interplanetary and near-solar

plasma to be developed. Stu_y of objects In the solar system by

radiowave propagation me_hods has resulted in the development of

a new section of radio astronomy studies, radio astronomy with

artificial sources. The basic studies carried out by radiowave _

propagation methods, by means of spacecraft, are Indlcated in i_
Table 1. Thls table illustrates the posslblllties of radio

t

astronomy with artificial sources•

Th_ basic regul_rities of radiowave propagation in the solar

system were briefly described in the survey. A more complote

presentation of thls question Is given in [52].

f _i

2
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Table i _ :

Basic Results of the Study of Radiowave Propagation in _
the Solar System ';.

: Spacecraft &

No. Experiaent Reference Basic Result , ,

1 Study of the atmos- Mars-2, Mariner- Dependence of pressure, temper- o

• i phere and ionosphere 4, 6, 7 [I, 2, 8- ature and electron concentra- s
of Mars by radio ii] tion of the atmosphere and ;
occultation ionosphere of Mars on altitude _

: was studied. Diameter of the

! planet was measured and its
relief was studied.

2 Study of radiowave Venera-4, 5, 6, 7, Direct experimental data were
propagation in the 8 [12-18] obtained on radiowave propaga-

dense atmosphere tion through the entire atmos- _; of Venus during phere of Venus. Radiowave J

descent of space- fluctuations were steadied, _ '"

craft to surface of which indicated turbulence of _ :

,_ : p_anet its atmosphere _

3 Study of upper Mariner-5 [23, 24] Dependence of pressure and _

? portion of atmos- temperature in upper portion of _ _:

• _ phere and ionos- atmosphe::e and electron con- _
phere of Venus by centration in ionosphere of "- ;

; radio occultation Venus on altitude was deter- %
mined.

_- 4 Studies of reflec- Luna-ll, 12, 14, Regularities of radiowave _

_ tion of radiowaves 19, Explorer-35, scatterino by various portions-
emitted by lunar Orbiter-1 [27-38] of the lunar suface were studied.
satellites and of Dielectric constant of the soil "

the lunar surface and slope of surface hetero-

s geneities were _etermined. A ,

new method of study of the •!
relief, dielectric constant and

_ density of the planets and the _-

moon was developed.

5 Study of propaga- Mars-l, 2, Fluctuations, changes of spec- :_

tion of monochro- Pioneer-6, trum and rotation of plane of >.

i matic radiowaves Mariner-6, 7 [40- polarization of radiowaves were _

,_ in interplanetary 49] studied. Parameters of electron ._
and near-solar concentration heterogeneity

i space were determined. Distributions
of electron concentration in near- ;

d solar and interplanetary space

were measured. Measurement of the

gravitational time lag o£ radio- _

:C waves in the field of grativity _

of the sun were carrie_ out. _ _
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